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ABSTRACT 
Refinements of t h e  design of the 50 MT/pear Experimental Process 
System Development Unit (EPSDU) have been made and competitive b i d s  have 
been received f r o m  mechanical, e l e c t r i c a l ,  and s t r u c t u r a l  coatractors .  
Bids on most of the equipment have been r e c e i v e d  and ca t a l cgzd .  Emergency 
procedures have been de f i ned  t o  counter  a var ie ty  of contingencies d i sc losed  
i n  opera t ions  and s a f e t y  reviews, 
Work i s  b e i n g  cont inued wi th  the  f luidized-bed model to d e f i n e  
conditions under which use fu l  segregation of l a r g e  particles can be  o b t a i n e d .  
Experimental work with an electrolytic c e l l  for zinc chloride d i sc losed  no 
significant increase in power e f f i c i e n c y  by s t e p s  taken to increase e l e c t r o l y t e  
c i r c u l a t i o n .  
On t h e  bas i s  of materials compatibility and permeability tes ts ,  
310 seainliss s t e e l  was chosen f o r  t h e  she l l  of the f luidized-Ired reactor 
and SfC-coated g r a p h i t e  f o r  L.ie liner, 
Experiments on t h e  v o l a t i l i t y  of lead, i ron ,  and cadmium a t  t h e  
ppm level in zinc at i t s  b o i l i n g  poinL are being continued with prov i s ions  
being made t o  withdraw mol ten  samples so as t o  avoid segregation on freezing, 
believed to be t h e  cause of earlier discrepancies, 
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INTRODUCTION 
This Thirteenth Ouarterly Report is t h e  second of the Phase 111 
e f f o r t  a t  Battelle's Columbus L a b o r a t o r i e s  (BCL) f o r  DOEjJPL on the  Evalua- 
t i o n  o f  S e l e c t e d  P r o c e s s e s  f o r  t h e  P r o d u c t i o n  of Low-Cost S i l i c o n .  Phase I11 
is  d i r e c t e d  toward t h e  c o n s t r u c t i o n  and o p e r a t i o n  o f  a 50 kiT SF/ye.ar Experi- 
mental  P r o c e s s  Sys tern Development Uni t  [EPSDU)" f o r  t h e  p r o d u c t i o n  of g r a n u l a r  
semiconductor-grade siLicun by t h e  z i n c  vapor r e d u c t i c n  of s i l i c o n  t e t r a -  
c h l o r i d e  in a f l u i d i z e d  bed of seed p a r t i c l e s ,  
During this report pe r iod ,  i n  a d d i t i o n  t o  t h e  EPSDU-oriented work, 
s u p p o r t i v e  a c t i v i t i e s  have been c a r r i e d  ouc that w i l l  f a c i l i t a t e  t i m e l y  and 
t r o u b l e - f r e e  p r o g r e s s  i n  e s t a b l i s h i n g  the EPSDU once the  a u t h o r i z a t i o n  t o  
i n i t i a t e  c o n s t r u c t i o n  is  given, 
C o n s i s t e n t  with 6he format used i n  t he  pas t ,  t h i s  r e p o r t  i s  d iv ided  
i n t o  two s e c t i o n s ,  the f i r s t  dealing with the ac tua l  design and c o s t i n g  of 
t h e  EPSDU, and t h e  second,  w i t h  t h e  c o n c u r r e n t  e x p e r i m e n t a l  suppo r t  program. 
* The d e s i g n a t i o n  o f  t h e  50 MT/year f a c i l i t y  was changec t o  "Exper imental  
Process  Sys tern Development F a c i l i t y 1 '  (EPSDU) i n  Uni la tera l  M o d i f i c a t i o n  
No. 15 ( J u l y  1 9 ,  1978) 3 E  the contrac t  f o r  t h i s  work, No, 954339. Kow- 
ever, t h e  o l d  term "Exper imental  P;:ocess F a c i l i t y "  (EPF) was con t inued  
i n  usc through t h e  Eleventh/Twelfth Quarterly Repor t  and t h e  F i n a l  Repor t  
on Phases I and I1 of  the Program, DOE/JPL 954339, da t ed  J u l y  9 ,  1978, 
and i ssued  i n  January, 1979 .  The new term w i l L  be  used i n  t h i s  and 
subsequent repor es , 
DESIGN OF THE EXPERIMENTAL PROCESS 
SYSTE31 DEVELOPMENT UNIT EEPSDU) 
The design of the EPSDU was completed a t  Raphael Katzen Associates 
International, Inc. (RKAII), w i t h  the c o o p e r a t i o n  of BCL personnel. No 
b a s i c  changes have been made i n  the design s i n c e  those discussed  i n  kile 
~leventh/~welf t h  Quarterly Report. Refinements have included:  
1 )  S i l i c o n  tetrachloride p u r i f i c a t i o n  system 
(a) Storage tanks TK1 and TKZ reinstrumented to 
operate ac gas-purge p re s su re  (<1/2 p s i g )  
i n s t ead  of pur i f ica t ion-sys tem pressure 
(10 psig) f o r  increased  s a f e t y  
(b)  By-pass c i r c u i t s  provided on pumps to permit 
operation under more variable load s i t u a t i o n s  
(2) Reactor 
(a) Tap c losure  design modified to simplify 
assembly 
(b) Sight p o r t  and s i l i c ~ n  seed values redesigned 
t o  improve performance 
(c) Support  structure modified t o  simplify 
installation and removal 
(d) Distributor p l a t e  redesigned t o  s i m p l i f y  
and en la rge  z inc  inlet annulus 
(e) Shell to be f a b r i c a t e d  by r o l l i n g  3/16-inch 
p l a t e  instead of using p i p e ,  t o  f a c i l i t a t e  
ic?l.ivery and lessen s i ze  r e s t r i c t i o n  
(f) Pre fe r r ed  l i n e r  candida te  changed from 
s i n r e r e d  Sic t o  Sic-coated graph i t e  because 
of the p r o b a b i l i t y  of improved s i l i c o n  
product p u r i t y  and decreased pe rmeab i l i t y  
(3) Reactor furnace 
(a) Reactor furnace  modif ied t o  include two 20 kw 
and three 10 kw i n d i v i d u a l l y  controlled heated 
zones t o  e n h a n ~ e  r e a c t o r  temperature control 
(b) Design voleage changed from 220-volt t o  
440-vol t  service t o  be  compatible w i t h  a 
c e n t r a l i z e d  power c o n t r o l  
(4) Reactor Condenser 
(a) Themino1 "66" (liquid at  ambient tempera- 
t u r e s )  s u b s t i t u t e d  f o r  "88" ( s o l i d  a t  
ambient ?emperatureu) t o  e l i m i n a t e  the 
need f o r  a heat-up system, i n  view of t he  
f a c t  t h a t  the  condenser has been redesigned 
t o  o p e r a t e  a t  350 C i n s t e a d  of 500 C 
( 5 )  Zinc and z i n c  c h l o r i d e  s t o r a g e  tanks 
(a) Design d e t a i l s  of i n l e t ,  purge,  instru- 
men t a r i o n  feed- through modified t o  assure 
more p o s i t i v e  s e a l  and s imp l i fy  cons t ruc t ion  
(6)  E l e c t r o l y t i c  c e l l  
(a) Design modified t o  accept  Glassrock s h e e t  
i n  p l ace  of a c a s t a b l e  i n s u l a t i o n  t o  minimize 
a potent ia l .  contaminat ion and improve r e s i s -  
tance t o  c h l o r i n e  
(b) Zinc o u t l e t  redesigned Lo overcome a n t i c i -  
pated opera t ic ra l  problems 
(c) Use of water-cooled e l e c t r i c a l  bus system 
adopted t o  s i m p l i f y  i n s t a l l a t i o n  and repair 
(71 Zinc vapor i ze r  
(a) Design modified t o  i nc lude  bottom i n l e t ,  top 
o u t l e t ,  and baffles t o  improve o p e r a b i l i t y  
(b) Zinc c o n t r o l  valve between vapor i ze r  and z i n c  
storage a t t ached  to vapor i ze r  suppor t  t o  
enhance o p e r a t i o n  and f a c i l i t a t e  shut-down 
(8) Chlor ine  supply a14  red s i g n i f i c a n t l y  upon 
recornendations of the  BCL safety group 
(9) Selected equipment  added and dup l i ca t ed  as indi -  
cated by an emergency a n a l y s i s  involving l o s s  of 
power, coo l ing  water, o r  instrument  a i r ,  and 
events such as  Ei re ,  f l ood ,  and tornado, 
I n  add i t i on  t o  the above-specified modi f ica t ions ,  numerous sma l l  
details have been altered as  required t o  accommodate problems w i t h  m a t e r i a l  
a v a i l a b i l i t y ,  materials c o m p a t i b i l i t y ,  and equipment assembly, and t o  
account f o r  ident i f iable  p o t e n t i a l  o p e r a t i o n a l  problems. 
EPSDU Model 
As part of the design a c t i v i t y ,  two models of the EPSDU have been 
made, ore primarily f o r  d i s p l a y  purposes,  c o n s i s t i n g  of only the Reactor/ 
Recovery s e c t i o n  of t h e  f a c i l i t y  (Figures 6 and 7 of the  ~ l e v e n r h / T w e l f t h  
Quar te r ly  Report), zrd t he  o t h e r ,  a 1 /16  scale model of the e n t i r e  f a c i l i t y .  
The l a t t e r ,  d c l i v e ~ e d  K O  BCL i n  November, 1978, was cons t ruc ted  (1) t o  
f a c i l i t a t e  t h e  l a * j ~ u t  and p ip ing  phases of t h e  design,  (2 )  t o  a id  construc- 
t i 0 1 1  con t r ac tox .  in; c ~ s t  estimation, and (3)  t o  se rve  a s  r e f e rence  dur ing  
c o n s t r u c t i r - , ,  i'x3:lres 1 through 4 show f o u r  views of t h e  model. 
Bid Procurement 
Spec i f i ca t ions  f o r  a11 items of i n d i v i d u a l  equipment have been 
sene out for b i d s  and replies have been received from mos t  of t h e  vendors 
and catalogued.  It i s  too e a r l y  t o  refine t h e  equipment c o s t  estimate. 
However, many b i d s  are f a l l i n g  c l o s e  t o  t h e  estimcces made o r i g i n a l l y ,  As 
soon as a l l  bids have been r ece ived ,  a new es t ima te  of t o t a l  equipment cost  
w i l l  be made. 
The t abu la t ion  below shows the contractor b i d s  r ece ivsd  f o r  
cons t ruc t ion  o f  the EPSDU, 
Bids received from th ree  each of mechanical c o n t r a c t o r s  and elec- 
t r i c a l  c o n t r a c t o r s  came w i t h i n  17 percent  of the average f o r  each group. 
Bids from the three s t r u c t u r a l / c o n c r e t e  contractors agreed t o  wi th in  3 per- 
c e n t  of t h e  average,  I f  t h e  next  lowest of t h e  fou r  e l e c t r i c a l  c o n t r a c t o r ' s  
b i d s  is added t o  t h e  lowest b i d s  of t h e  o t h e r  c o n t r a c t o r s ,  the  t o t a l  i s  very 
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c lose  (wi th in  a  few thousand d o l l a r s )  of t h e  cons t ruc t ion  c o s t  used a t  t h e  
end of Phase X I  of t h i s  program i n  a r r i v i n g  a t  the es t imated  t o t a l  c o s t  of 
$1.6 x l o 6  for the ETSDU. 
Adminis t ra t ive  f t  
and Equipment 
Bid 
- Purchase 
Mechanical 
Contractor  h $192,159 3 ,85  pe rcen t  
Contractor  B 190,000 5.0 percent  
Contractor  C 245,000 10.0 percent  
E l e c t r i c a l  
Contractor  A $ 92,560k* 
Contractor  B 213,364 
Contractor  C 250,600 
Contractor  D 288,841 
St ruceura l /Concre te  
Contractor  A $ 57,000 
Contractor  B 58,400 
Contractor  C 60,800 
A s  an expedient  w i th  the c u r r e n t  Phase ILL, the managerial  approach 
adopted i n i t i a l l y  assumed t h a t  BCL personnrL would purchase t h e  equipment 
and ac t  as t h e  genera l  c o n t r a c t o r  dea l ing  wi th  each type of c o n t r a c t o r  
i n d i v i d u a l l y  during the  plant cons t ruc t ion ,  This approach would be  expected 
t o  (I) p rov ide  a t o t a l  c o s t  es t imaee i n  t h e  shortest t ime, ( 2 )  result  i n  
t h e  lowest t o t a l  c o s t  because of t he  add-on c o s t s  charged by a c o n t r a c t o r  
t o  buy equipment and handle the o the r  c o n t r a c t o r s ,  but (3 )  presen t  t h e  most 
unce r t a in ty  i n  c o s t ,  scheduling,  and possibly q u a l i t y  of workmanship, 
The approach o u t l i n e d  above d i d  provide rhe c o s t  in format ion  
requi red  quick ly .  However, after receiving the mechanical contractor b i d  
of only 3.85 percent  fee and cons ider ing  t h e  advantage of t he  mechanical 
* F r a c t i o n  of equipment and o the r  con t r ac to r  c o s t  t h a t  would be charged 
i f  they had the r e s p o n s i b i l i t y  of purchasing equipment and adminis te r ing  
o t h e r  con t r ac to r s .  
** This b i d  i s  cons ide r td  suspecL and must be  reviewed with  t h e  c o n t r a c t o r  
f o r  a m i s i n t e r p r e t a t i o n  before being considered a v a l i d  b i d .  
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c o n t r a c t o r ' s  acting as  a g e n e r a l  c o n t r a c t o r ,  i t  was decided that t h i s  
approach t o  cons t ruc t ion  management would be by f a r  t h e  best w i t h  r e spec t  
t o  minimization of p o t e n t i a l  problem a r e a s ,  and probably c o s t .  
Safe ty  Review 
A s a f e t y  review, by t h e  BCL Safe ty  Of f i ce ,  of the  design and planned 
opera t ion  of t he  EPSDU is  underway. I n  a d d i t i o n ,  t h e  project personnel have 
examined t h e  e f f e c t  of l o s s  of  power, of cool ing  water ,  and of instrument  
a i r  on each uni t  opera t ion ,  a s  well  a s  of  inoperability of c r i t i c a l  pieces 
of equipment due t o  mechanical f a i l u r e .  
I n  gene ra l ,  i t  was concluded t h a t  instrument  a i r  and cool ing  water 
supp l i e s  must b e  maintained during an o r d e r l y  shut-down. Instrument air 
can be provided by an emergency compressed a i r  supply i n  t h e  form of 
cy l inde r s  o r  a gasoline-powered a i r  compressor. Another p o s s i b i l i t y  hquld 
b e  t o  use  n i t r o g e n  from t h e  p l a n t T s  cryogenic supply. P rov i s ions  A11 be 
made t o  quickly connect t o  c i t y  water i n  t h e  event of f a i l u r e  of t he  process 
water  supply ( r e c i r c u l a t e d  well-water) used f o r  cool ing ,  
It was t e n t a t i v e l y  decided that F t  was too expsneive (and unnecessary) 
t o  provide t h e  c a p a b i l i t y  t o  operate the e n t i r e  p l a n t  i n  t h e  event  of a  power 
f a i l u r e ,  b u t  t h a t  selected pieces of  equipment would be c r i t i c a l  i n  an orderly 
shut-down, such as the  waste t reatment  system, a portion of the Therminol 
system, and the sump pump f o r  moving S i C l t ,  t o  emergency storage, It was 
es t imated  that t h e  requi red  equipment could be handled by a 75-KVA dfese l -  
powered genera tor .  Fu r themore ,  i t  was decided that: only t h e  primary scrubber  
r e c i r c u l a t i o n ,  NaOH cranseer  pump, and sump pump need be p a r a l l e l e d  t o  pro- 
v i d e  t h e i r  func t ions  i n  the event  of a mechanical f a i l u r e ,  
Other minor s a f e t y  o r  emergency procedures were also i d e n t i f i e d .  
Conformance With EPA Regulat ions 
EPA forms for approval  t o  ope ra t e  were completed, b u t  w i l l  not be  
f i l e d  until the d a t e  for i n i t i a t i n g  EPSDU cons t ruc t ion  i s  se t ,  
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EXPERDiENTAL SUPPORT PROGRkhi 
During the per iod  covered by t h i s  r e p o r t ,  experimental  suppor t  
work was continued i n  the Eollowing a reas :  
(1) Fluidized bed modelling 
(2) Zinc c h l o r i d e  electrolysis 
(3) Mater ia l s  compa t ib i l i t y  
(4) Vaporizat ion of zinc. 
These s u b j e c t s  vL11 be  d i scussed  i n  turn .  
F lu id i zed  Bed I lode l l ing  
~ ~ 1 1 - s c a l e *  model l ing of the f luidized-bed r e a c t o r  was cont inued 
i n  an e f fo r t  t o  define the conditions under which seg rega t ion  of p a r t i c l e s  
and p r e f e r e n t i a l  withdrawal would occur t o  the e x t e n t  t h a t  would prevent  
t he  growth of a  few large p a r t i c l e s  to  where they  might block t he  p a r t i c l e -  
withdrawal tube. It should b e  noted t h a t  t h i s  ques t ion  becomes academic i f  
the entire bed i s  withdr2wn and screened f r e q u e n t l y  enough t o  a r r e s t  growth 
of the l a r g e  p a r t i c l e s .  T o t a l  bed withdrawal is planned p r i o r  t o  removal 
by ch lo r ina t ion  of the  s i l i c o n  wall d e p o s i t ,  nominally once a week. If it 
is not necessary to remove r he  w a l l  depos i t  t h a t  f r e q u e n t l y ,  l i m i t a t i o n  o f  
l a r g e - p a r t i c l e  growth might then  dererrnine t he  cycle. However, as i t  is  
most economical t o  maximize on-stream t i m e ,  the prospec t  o f  au toma t i ca l ly  
l i m i t i n g  the  par t ic le  growth by p r e f e r , n t i a l  discharge of  l a r g e  p a r t i c l e s  
ra ther  than  by t o t a l  bed withdrawal  is of i n t e r e s t .  
In early work wirh a f l a t - p l a t e  gas d i s t r i b u t o r  (page 5 1  of 
Phase 1/11 F i n a l  ~ e ~ o r t * * ) ,  s e g r e t a r i o n  of l a r g e  par t ic les"**  was observed 
?t Diameter = 7 inches corresponding t o  t h a t  of one o f  t h e  two 25 MT/year 
f luidized-bed reactors i n  the 50 HTfyear EPSDU. 
"* Final Report f o r  Phases I and 11, DOE/JPL 954339-78/11, J u l y  9 ,  1978.  
"" FaaticI.les ( ~ 5 0 0 0  urn) having abmt  10 rimes the diameter  of the remainder 
(99.9 w/o) of the par t ic les  o f  the bed. 
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a t  t h e  bottom of t h e  bed, Thus,  p r e f e r e n t i a l  discharge could be antici- 
pated.  However, i n  experiments w i t h  the  round-bottom d i s t r i b u t o r  (Figure 14 
of t h e  F i n a l  ~ e p o r t ) ,  L i t t l e  i f  any segregation of ~ 5 0 0 0  urn balls was obta ined ,  
The d i f f e r e n c e  is  believed t o  re la te  t o  t h e  increased  bed a c t i v i t y  i n  the 
i n l e t  reg ion  t h a t  i s  c h a r a c t e r i s t i c  of t he  round-bottom design.  It should 
b e  noted t h a t  i n  both des igns ,  a minimum of bed a c t i v i t y  must b e  maintained 
a t  any po in t  t o  prevent agglomerat ion and br idging .  Apparently a t  some 
level of bed a c t i v i t y  h ighe r  than t h a t  minimum, the seg rega t ion  tendency 
i n  the  area of the gas i n l e t s  can be erased, 
During t h e  next r e p o r t  per iod ,  model l ing experiments will be made 
with "large" p a r t i c l e s  ranging  from 8000 pm t o  10,000 urn I n  a hypo the t i ca l  
s t eady- s t a t e  bed (200 to 1000 pm), t o  determine whether a range of condi- 
t i o n s  e x i s t s  i n  which u s e f u l  s eg rega t ion  of t he  l a r g e  p a r t i c l e s  can be 
obta ined ,  
Zinc Chlor ide  E l e c t r o l y s i s  
Experiments wi th  a  c e l l  f o r  the experimental  e l e c t r o l y s i s  of l i q u i d  
ZnCL2 have 'been descr ibed i n  t h e  Phase 1/11 F i n a l  Report and i n  Qbarterly 
Reports o f  t h i s  series. E l e c t r o l y s i s  of t h e  ZnCT2 by-product of the 
"rniniplantffk t o  y i e l d  z inc  and c h l o r i n e  f o r  r e c y c l e ,  and t o  c h l o r i n a t e  
t he  by-product gas-phase-nucleated s i l i c o n  from the f luidized-bed reactor 
was demonstrated. However, a l though runs wi th  current  e f f i c i e n c i e s  of 
the  expected 95 percent were made, the c u r r e n t  e f f i c i e n c y  sometimes f e l l  
s h o r t ,  and the  power e f f i c i e n c y ,  around 20 pe rcen t ,  was c o n s i s t e n t l y  below 
the $36 percent  obkained by the Bureau of Mines i n  a small c e l l  and pro jec ted  
f o r  t h e i r  50,000-amp ce l l .  
In  an e f f o r t  t o  learn mare about t h e  system and t o  raise t he  
power e f f i c i e n c y  i f  poss ib l e ,  a more f l e x i b l e  closed c e l l  was designed i n  
which the  e n t i r e  e l ec t rode  assembly i s  brought i n  from the  c e l l  cover so 
t h a t  i t  can be immersed in the  55 m/o ZnCl2-45 m/o K C 1  e l e c t r o l y t e  contained 
" Containing (e.g.) 7 percent  of residual elemental  z i n c  and 3 percent  
of f i n e l y  divided e l  pm s i l i c o n .  
i n  a 1000-cc Pyrex beaker. No more than  20 percent  of t h e  ZnC12 i s  e l e c t r o -  
Lyzed dur ing  any run so tha t  the  ZnCIZ concent ra t ion  does n o t  drop below 
49 m/o, As shown by t h e  work a t  the Bureau o f  ~ i n e d l )  (Figure 5 ) ,  t h i s  
change should have l i t t l e  e f f e c t  on t h e  r e s u l t s ,  
Aside from the  f a c t  t h a t  t h e  Bur t lu  of Mines experimental c e l l  
i n  which t h e  da t a  of F igu re  5 were taken was an open cel l ,  t h e  major difference 
i n  the c e l l  being used i n  the  p re sen t  work is the larger e l e c t r o d e s  (8.9- versus 
3.8-cm diameter)  f o r  which the  removal of c h l o r i n e  from t h e  e l e c t r o d e  a r e a  
would b e  more d i f f i c u l t  and shielding of the  anode by c h l o r i n e  gas bubbles 
p o t e n t i a l l y  more o r  a problem, The g r a p h i t e  e l e c t r o d e s  i n  t h e  p re sen t  c e l l  
are 8.8-cm diameter  near -hor izonta l  p l a t e s ,  l eav ing  0.6 cm c1,earance a t  the  
conta iner  wa l l .  Rather than  t o  complicate the c e l l  cover' design by us ing  
massive e l e c t r o d e s ,  g r a p h i t e  rods  o f  convenient  s i z e  a r e  used to make the 
connecti~ns t o  the anode and cathode. The c l s c u l a t e d  IR d r o p  i n  these  l eads  
(e.g. ,  2 V a t  45 amp) is sub t r ac t ed  from the  measured c e l l  vol tage  i n  de t e r -  
mining t h e  power e f f i c i e n c y  of the  c e l l .  
S i x  experiments w i th  e l e c t r o d e s  of  d i f f e r e n t  con f igu ra t ion  and 
spacing a r e  summarized i n  Table 1 ,  The major o b j e c t i v e  of these experiments 
was t o  explore  the e f f e c t  of enhanced c h l o r i n e  removal and e l e c t r o l y t e  
c i r c u l a t i o n  on the power e f f i c i e n c y  of the c e l l .  Although a number of 
changes i n  e l ec t rode  design were made, the effects of t h e  changes on the 
i n i t i a l l y  improved, $30 pe rcen t ,  power e f f i c i e n c y  were so.smal1 ( i n  most 
cases  1 to  2 percent)  a s  t o  poss ib ly  b e  w i th in  experimental  e r r o r  and 
make d i f f i c u l t  the c o r r e l a t i o n  of any r e a l  b u r  minor effect, 
Although one might a t tempt  to  draw a  conclusion from a comparison 
of the r e s u l t s  of Runs 2 and 3 regard ing  t h e  e f f e c t  of s l o t t i n g  the i n c l i n e d  
e l ec t rodes ,  t he  presence of o t h e r  v a r i a b l e s  clouds the  p i c tu re .  Although 
ehe s l a t t i n g  should decrease  gas-bubble s h i e l d i n g  of t h e  anode by f a c i l i -  
tating t h e  removal of chlorine, i n c r e a s i n g  the  c u r r e n t  d e n s i t y  a c t s  i n  
t h e  oppos i te  d i r ec t ion .  The temperature d i f f e r e n c e  may a l s o  have an 
effect  [expected 5 relat ive percent  decrease  i n  power e f f i c i e n c y ( l ) ] .  
Fur ther ,  the l o w  c u r r e n t  e f f i c i e n c y  i n  Run 2 i s  hard t o  e x p l a i n  i n  the 
l i g h t  of p r i o r  2nd subsequent experiments i n  which c u r r e n t  e f f i c i e n c i e s  
Z I N C  C H L O R t O E  CONCENT R A T  I O N ,  mole - pct 
FIGURE 5. EFFECT OF ZnClz CONCENTRATION ON THE 
VOLTAGE, CURRENT EFFICIENCY, AND ENERGY 
REQUIREMENT IN THE ZnCIZ-KC1 SYSTEX AT 
500 ~ ( 1 )  
TABLE I..  S~ElARY OF Z n C l n  PRODUCT ELECTROLYSIS 
EXPERD.1ENTS AT 500 cCa) 
-. -- -- 
-
* -- - - - 
Elec t rode  Currenr Power Current Average 
Run Spacing, Density, Eff ic iency ,  Efficiency, Temperature, 
~ u r n b e r l ~ )  Elec t rode  Configurat ion cm amp/cm2 percenr  percent C 
2 P l a n a r  e l e c t r o d e s  inclined 4 degrees 1.27 0.59 31.9 86-1 477 
3 4 degree  inclined e l e c t r o d e s ,  8 degree slotted anodelc) 
4 degree i n c l i n e d  e l ec t rodes ,  
4 8 degree s l o t t e d  and perforated f .27 0.76 30.9 95.3 4 92 
anode 
4 degree i n c l i n e d  e l ec t rodes ,  
5 8 degree s l o t t e d  and -perf ora ted(d)  1.27 0.76 30.7 95.1 502 
anode, forced gas purge(e) 
6 12 degree i n c l i n e d  p l ana r  e l e c t r o d e s  1-27 0 - 8 0  31.8 95.1 503 
7 12 degree i n c l i n e d  p l a n a r  e l e c t r o d e s  1-90 0.75 31.5 96.1 
- - - --- -- - 
504 
-------. --- ------ --------- -- - - --  
 
(a) ZnC12 by-product af the minip lan t ,  conta in ing  approximately percent  ZnC12, percent  zinc, and 
percent  Si; admixed 55 m/o with 45 m/o KC1- 
(b) In Run 1, t h e  cell temperatore range :]as excess ive ly  broad,  s o  t h e  data are n o t  included,  
(c) Pour 0.32-cm rectangular grooves in the  direct- ion of i ~ l c l i n e ,  spaced 1.6 cry the "bottom" cf che grooves 
i n c l i n e d  a t  8 degrees t o  ho r i zon ta l .  
(d) 0.32-cm-diameter h o l e s  through anode a t  1.27-cm i n t e r v a l s  a long  the grooves. 
(e) Argon purge of underside of anode %3X race of C l p  evolution. 
have been c o n s i s t e n t l y  above 90 percent .  In t h i s  case, a problem was 
experienced w i t h  recovery of t h e  zinc product which may account for t h e  
low cu r ren t  e f f i c i e n c y ,  It i s  probably adv i sab le  t o  d i scoun t  t he  results 
of Run 2 .  
The effect of p e r f o r a t i n g  the anode ( ~ u n  4)  t o  a i d  i n  the c h l o r i n e  
release was i n  the d i r e c t i o n  expected,  i . e . ,  an i n c r e a s e  i n  b o t h  c u r r e n t  
and power e f f i c i e n c y .  
I n  Run 5,  the effect of br inging i n  a  purge gas (argon) undor 
the  low s i d e  of the  anode t o  i n c r e a s e  sal t  c i r cu l a t ion '  was i n v e s t i g a t e d ,  
No n e t  e f f e c t  was observed. Thus, if any advantage was gained from increased  
s a l t  c i r c u l a t i o n ,  i t  may have been o f f s e t  by increased  s h i e l d i n g  of t h e  anode 
by the a d d i t i o n a l  gas. 
Increasing t h e  i n c l i n a t i o n  o f  the e l e c t r o d e s  t o  1 2  degrees t o  
h o r i z o n t a l  (the maximum t h a t  can b e  acconunodaeed i n  the  EPSDU e l e c t r o l y t i c  
c e l l  design)  appears to  have been b e n e f i c i a l  d e s p i t e  the  absence of grooving 
and pe r fo ra t ion .  Increasing t h e  e l ec t rode  spacing from 1 .27  to  1 .9  cm 
decreased the  power eff ic iency by only 1 r e l a t i v e  percent  [a 5 relative 
percent  decrease was recorded a t  t he  Bureau of M i n e s ( l )  i n  13 m/o ZnClz- 
36 m/o KC1-51 m/o L i C 1  under o therwise  comparable cond i t i ons ] .  
Work with the experimental  c e l l  w i l l  be cont inued t o  determine 
whether t h e  power e f f i c i e n c y  can be brought up t o  t he  36 percent l e v e l  
obtained i n  t h e  Bureau of Mines work, However, i t  should b e  noted t h a t  
t he  2 kwh p e r  pound of z inc  adopted a s  t h e  e l e c t r o l y t i c  power r e q u i r e m e ~ r  
i n  t he  process  cos t  c a l c u l a r i o n s  (Phase 1/11 Final Report)  corresponds t o  
a power e f f i c i e n c y  of only 2 9 . 3  percnet .  The n e t  cost  reduct ion  of reaching 
36 percent power ef f ic iency would amount t o  $0.12 per  kg of s i l i c o n .  
Mater ia l s  Compatibility/Permeabiliry 
Tests were made d u r i n g  the  r e p o r t  per iod  on (1) t h e  compa t ib i l i t y  
of s t a i n l e s s  steel and nickel-base a l l o y s  with z inc  and ZnC12 and (2) 
s i l i c o n  carbide permeabil i ty .  
* 
~ i r e c t e d  a t  decreasing possible l o c a l  ZnCl2 dep le t ion ,  Argon was i n t r o -  
duced a t  about  3X t he  volumetr ic  c h l o r i n e  genera t ion  r a t e ,  
Altllough it: was expected t h a t ,  because  of t h e  n i cke l - z inc  e u t e c t i c  
at 876 C ,  nickel-base s u p e r a l l o y s  would b e  nceacked by z inc  vapor, exposure 
of these and t h e  a u s t e n e t i c  s t a i n l e s s  s tee l  a l l o y s  was undertaken to show 
the d i f f e r e n c e .  Chromium was a lso  Included i n  t h i s  s t u d y ,  
The nickel-base a l l o y s  Inconol  625 and 617 ~,.2re indeed badly 
a t t acked  by z inc  vapor a t  900 C w i t h  304, 310, and 316 s r n i n l e s r  s t e e l s  
showing l e s s e r  a t t ack .  Chromium showed t h e  least  sttack of any of the 
materials evaluated. Although i t  would appear  from t h i s  test that  chromium 
should be selected for use in those areas having a potential f o r  exposure 
t o  zinc vapor, 310 s t a i n l e s s  s t e e l  was selected f o r  the fol lowing reasons: 
(1) Chromium 2s a poor structural material and would 
normally be used only as a coa t ing  a p p l i e d  by 
plasma spray  o r  e l e c t r o p l a t i n g  processes which 
typically r e s u l t s  i n  defect chromium coa t ings  
(2) S t a i n l e s s  s t e e l  ( e s p e c i a l l y  310) h a s  good 
s t r uc tu r a l  i n t e g r i t y  ae the  cernperature a t  
which the  r e a c t o r  s h e l l  is expected t o  ope ra t e  
and e x h i b i t e d  moderately good resistance to 
z inc  vapor (0.04 i p y  formation of 0 phase). 
Tho reactor is to be l i n e d  w i t h  s i l i c o n  carbide-coated g raph i t e  
and appropriately purged to discourage access of rhe zinc vapor t o  the 
s t a in l e s s  s tee l .  A f u r t h e r  p r ecau t ion  could be employed, if a need i s  
indicared, i . e . ,  spravicg the shell i n t e r n a l l y  with tungs ten ,  which  i s  
known t o  be resistant to z inc  vapor, or poss ib ly  with chromium. Thus, only 
the i nhe ren t  poros i ty  (e.g., <LO percent) of the tungsten coating and such 
flaws as are present i n  the  chromium coating w i l l  b e  f a c t o r s  i n  permitting 
exposure  to  zinc vapor, 
To explore the p o s s i b i l i t y  'thac a l i n i n g  might be  avoided in 
equipment i n  contac t  with ZnC12 a t  350 C where z i n c  might remain suspended 
as a solid, coupons of nickel-base alloys and stainless steels were exposed 
t o  ZnC12 containing residual suspended z i n c  for periods up t o  552 h o u r s .  
E-brite 29-4 and E-brite 26-1 sheet specimens and a Type 316 
s t a i n l e s s  steel weldment experienced weight l o s s e s  of  1.5 t o  2 x 10'~ gm/crn2 
a f t e r  552 hours [equivalent t o  a0.004 inchlyenr  (linear) 1, The Type 316 
stainless steel. weliment initially (after 144  hours) had exper io~rced  a 
weight ga in  of X,75 x gm/crn2 (0, r ' 4  inch/year) , A Hoynes Alloy-20 
flat: shee r  specimen, on the arhsr hand, expez~enced  a net weight gain of 
only 1 x 10-5 gm/cm2 a f t e r  552 hours of exposure (0,0002 inch/year )  b u t  
i n i t i a l l y  ( a f t e r  144 hours) had gained 2 , 4  x 1!Ie4 gm/cm2 (0.018 i n c h i y e a r ) ,  
h Type 310 s t a i t t l e s s  steel weldment reacted i n  a manner s i m i l a r  t o  the  
Hnynes 20, gaming a maximum of 2.6 x gm/ cm2 (0.02 inchfyear )  after 
144 hours with a n e t  weight gain after 552 hours of  1.5 x 10-"/cm2 
(0,003 inchlyear )  
Dimensional measurements were taken a t  i n t e r v a l s  dur ing  the expo- 
sure t e s t i n g  t o  compare t h e  ci~dngas i n  the  weld metal  with those of the 
adjacent  material. The Type 3x0 and 316 s t a i n l e s s  s t e e l  weld beads experi-  
enced th ickness  l o s s e s  o f  2.1 and 4.3 x lom3 cm, r e s p e c t i v e l y ,  a f t e r  the  
f i r s t  300 hours bf e :, l s u r e  w i th  l i t c l e  o r  no measurable change t h e r e a f t e r ,  
The material adjacent  t o  these two welds experienced a l c e r n n t l n g  inc reases  
and decreases i n  thickness of the order of 2 t o  6 x lom4 cm/side over rhe 
course of the  exposure period.  The o t h e r  alloys r e s t e d  showed greeter 
v a r i a t i o n s  i n  both weight and th i ckness  over the d u r a t i o n  of the  t e s t .  
These data a r e  c o n s i s t e n t  w i t h  those i n  the  MACE "Corrosion Data 
Survey", F i f t h  Edit ion (1974) , which r e p o r t s  co r ros ion  r a t e s  of 0.020-0,050 
inch/year  i n  molten ZnCX2 f o r  Jnconel  600 a t  370 C ,  and >0.002 but  <0.020 
inch/year  f o r  Hastel loy B a t  350 C. No data were r epor t ed  for the alloys 
t e s t e d  a t  BCL, 
In  Light of t he  above r e s u l t s  and a v a i l a b i l i t y  of s tandard  m i l l  
shapes, Type 316 s t a i n l e s s  steel has been s e l e c t e d  for use  i n  those portions 
of the  EPSDU exposed t o  ZnC12 a t  350 C ,  wieh t he  except ion  of t h e  pump used 
t o  c i r c u l a t e  ZnC12 i n  t he  r e a c t o r  by-product condenser which will b e  made 
of E-bri te  alloy i f  a v a i l a b l e .  
Ref rax -20*, a s i l icm nitride-bonded s i l i c o n  ca rb ide ,  was reseed 
i n  various forms f o r  permeabi l i ty  as a potential m a t e r i a l  f o r  lining the 
' Carborundum Corporation, Niagara Falls, New York. 
fluidized-bed r e a c t o r  of t h e  EPSDU, ReErax -20 is normally a v a i l a b l e  (1) 
es a ca s t  rnacer inl ,  con ta in ing  5 parcent  c lay  as a b inder  and ( 2 )  as a 
pressed and s i n t e r e d  m a t e r i a l .  The c a s t  marerial  permi ts  t he  greater design 
f l e x i b i l i t y ;  however, the presence of the normal 5 percent c lay  binder  i s  
undes i rab le  i n  terms of maintenance of high p u r i t y  i n  the  p roduc t  9 E  the 
EPSDU, Thus it became of i n t e r e s t  t o  determine t h e  effect of e l imina t ing  
the binder i n  the cast material on p e r m e a b i l i t y  (and u l t i m a t e l y  on strength, 
a l though  t h a t  l a t t e r  was not done, as will be expla ined) .  After t h e  binder- 
less cast  m a t e r i a l  was re-fired\in oxygen [air) to develop a surface glaze, 
i t s  p e r m e a b i l i t y  was measured t o  be 4 x 10-5   arc^'* a s  compared t o  no detect-  
able  permeabi l i ty  ( c l  x 10'~ Darcy) f o r  t h e  c a s t  m a t e r i a l  ( r e - f i r e d )  with a 
b i n d e r ,  Both are  improved over t h a t  (4.5 x 10'3 Darcy) of a non-re-f i red 
cast material with b i n d e r .  Af eer being informed of t h e s e  results, the 
manufacturer agreed t o  i n v e s t i g a t e  the p o s s i b i l i t y  of coating t he  surface of 
the eompacred ma te r i a l  with a s i l i c o n  s l i p  p r i o r  t o  f i r i n g ,  t o  improve the 
glaze and reduce permeability. The p e r m e a b i l i t y  of the s l ip-coa ted  and 
f i r e d  d i s k  was found be t o  4.0 x Darcy, n o t  much less than t h a t  of the 
uncoated disk, 5 . 8  x Darcy, Both of these measurements showed an 
orde r -o f -magn i~de  lower permeability than  t h e  3.3 x 10'~ Darcy measured on 
m a t e r i a l  cored From a ra-fired pressed and s i n t e r e d  Refrax -20 block. 
The reason for failure of the s i l i c o n  s l i p  t o  more e f f e c t i v e l y  
decrease t h e  permeabi l i ty  i s  no t  clear. However, t h e  question has become 
academic i n  t h a t  a commercial source  has been Located f o r  apply ing  coatings 
of  impermeable CM s i l i c o n  c a r b i d e  t o  the requi red  g r a p h i t e  pa r t s  of  t h e  
f l u i d i z e d - b e d  r e a c t o r  e s s e n t i a l l y  as  designed,  The CVD silicon carbide 
coating eliminates c o n t a c t  of t h e  s i l i c o n  EPSDU product  wiPh t h e  g r a p h i t e  
a long with permeation of zinc vapor  t o  the  stainless steel s h e l l .  Such a 
d e s i g n  is  preferred  over t h a t  u s i n g  Refrax -20 i n  any feral. 
"Details p r o p r i e t a r y  w i t h  Carborundum. 
** Permeation in ml/cm2 pet: second of l i q u i d  of 1 ccnripoise viscosity 
through material under  a pressure gradient of ? atm p e r  cm of 
t h i c k n e s s .  
Vaporizat ion of Zinc 
One of the major advantages of the  zinc-reduct ion process  is  t h a t ,  
except f o r  a few v o l a t i l e  i m p u r i t i e s  such as cadmium (which, l i k e  zinc, w i l l  
not: be r e t a i n e d  by molten s i l i c o n  during i n i t i a l  c e l l  p rocess ing) ,  harmful 
impur i t ies  such as  t i t an ium have n e g l i g i b l y  low vapor pressures  a t  the  
bo i l i ng  po in t  of z inc ,  and except f o r  possible entrainment  i n  z i n c  m i s t ,  
are l e f t  behind i n  the b o i l e r ,  Mist ing must b e  minimized i n  any event ,  
as i t  has been shown t h a t  s u r f a c e s  o f  condensed z i n c  i n  con tac t  with SiClb(g)  
favor  the nuc lea t ion  of s i l i c o n  needles  which, i f  nuc lea ted  on a z i n c  m i s t ,  
would be e n t r a i n e d ,  and c a r r i e d  out  of the f l u i d i z e d  bed, thus no t  becoming 
part of t he  dense product heterogeneously depos i ted  on t h e  s i l i c o n  seed 
granu1.e~. 
Two experiments were run ,  i n  each of which about  50 percent  of a 
satl~ple of z inc  was v o l a t i l i z e d  and condensed, and t h e  i n i t i a l  m a t e r i a l ,  
condensate,  and res idue  were analyzed f o r  i r o n ,  l e a d ,  and cadmium. The r e s u l t s  
were i n c o n s i s t e n t  with r ega rd  t o  mare r i a l s  balance,  probably due t o  t he  
fact t h a t  i n  some cases t h e  impuri ty  content  exceeded t h e  s o l u b i l i t y  i n  
s o l i d  zinc,  and the  samples taken from the  s o l i d i f i e d  ingots may n o t  have 
been r e p r e s e n t a t i v e  because o f  segrega t ion .  The experiments are t o  b e  
repeated ~ i t h  provis ions made f o r  sampling of t he  z i n c  while  molten and 
pregumably homogeneous, These d a t a  w i l l  be  used t o  confirm the  prospkr t  
of separa t ing  impur i t i e s  i n  che one-plate d i s t i l l a t i o n  snd t o  d e t e c t  evidence 
of poss ib le  mis t ing .  Fo r tuna te ly ,  a c t i v i t y - c o e f f i c i e n t  d a t a  a r e  a v a i l a b l e  
f o r  zinc s o l u t i o a s  of the  three elements chosen f o r  s tudy ,  The expected 
v o l a t i l i t y  rat-us, a*, a t  t he  10 t o  100 ppm l e v e l  i n  t he  "al loy" a t  the  
boil . ing p a i n t  a r e  Fe/Zn = Pb/Zn = 0.016, and Cd/Zn = 16.  
* Content of impurity i n  vapor  = nx content  i n  l i q u i d .  
PLANS FOR FUTURE WORK 
Work planned f o r  t h e  next  r e p o r t  per iod includes: 
(1) Completion of t h e  a c q u i s i t i o n  of b i d s  f o r  the 
EPSDU components and redetermination of t h e  
EPSDU c o s t  e s t ima te s  based on t h e  new information 
(2) Considerat ian of t h e  a l t e r n a t i v e s  i n  s t e p s  l ead ing  
to  cons t ruc t ion  and opera t ion  of the entire EPSDU, 
which might be taken on an interim basis without  
l o s s  of program e f f i c i e n c y  
( 3 )  Continuat ion of experiments with t h e  e l e c t r o l y t i c  
c e l l  d i r e c t e d  toward i nc reas ing  power e f f i c i e n c y ;  
review of t h e  l a t e s t  experience wi th  ZnCl2 e lec-  
t r o l y s i s  a t  t he  Bureau of Mines, Reno S t a t i o n  
( 4 )  Continu&tion of experiments on the vapor i za t ion  
of z inc  t o  determine the  fa te  of i m p u r i t i e s  on 
single-plate d i s t i l l a t i o n  ( s i m p l e  b o i l i n g )  
(5) Continuat ion o f  modelling of the  f luidized-bed 
ta study the p o s s i b l e  segrega t ion  of large 
p a r t i c l e s  
(6)  Continuation of the  s a f e t y  analysis of t he  EPSDU 
with  emphasis on handling SiCI4 spills, 
REFERENCE 
(1) paver, F. P,, e t  a l . ,  Bureau of Mines Report of I n v e s t i g a t i o n  No. 8133 
(1976). 
